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ing the pressure recording. Maximal rate of pressure rise
(dP/dt,,,,) and LV end-diastolic pressure were determined
from tracings of LV pressure, and averaged on 100 consec-
utive cardiac cycles.

Western blot analysis. At the age of 13 weeks, three hearts
from each group were collected to assess CT-1 expression in
the heart. The isolated LV free wall was cut into small
pieces and homogenized with a Polytron homogenizer
(Kinematica Inc., Cincinnati, Ohio). Homogenates were
centrifuged, and the supernatants were collected. For detec-
tion of secreted CT-1 from the transferred myoblasts,
myoblasts were cultured in DMEM supplemented with
10% FBS, and conditioned media were collected after 72 h
incubation. The expression of CT*-1 protein was determined
by Western blot analysis using an anti-human CT-1 poly-
clonal antibody (Pepro Tech EC Ltd., London, «United
Kingdom). The results were quantified by scanning
densitometry.

Histological analysis. Left ventricular specimens were ob-
tained at the age of 17 weeks (n = 5 for each group).
Specimens were frozen with liquid nitrogen and sectioned
to 8-pm-thick slices. The slices were stained with
hematoxylin-eosin. The slices also underwent immunohis-
tochemical staining for skeletal-specific myosin heavy chain
by MY-32 monoclonal antibody (Sigma-Aldrich Inc., St.
Louis, Missouri), and for CT-1.

In the hematoxylin-eosin-stained sections, the cross-
sectional area of cardiac myocytes that was cut transversely
and showed nuclei in the center was measured in the free
wall and the septum of the LV, respectively. In each side of
LV wall, approximately 50 cells were counted per each
animal. Before myoblast transplantation, the myocyte size
was measured at the age of 6 and 11 weeks (n = 5 for each
stage). A total of 100 cells in random areas of LV, including
both the free wall and the septum, were counted per each
animal, and the average was used for analysis.
Measurements of plasma angiotensin II (Ang II) and
endothelin-1 (ET-1) levels. At the age of 13 and 17
weeks, blood was collected in a polypropylene tube contain-
ing aprotinin (300 kallikrein-inhibiting units/ml) and
ethylenediamine-tetraacetic acid (1 mg/ml) and then cen-
trifuged at 3,000 rpm for 15 min at 4°C. The plasma thus
obtained was stored at —80°C until assayed. The plasma
levels of Ang II and ET-1 were measured by SRL, Inc.
(Tokyo, Japan).

Effects of transferred-gene—derived CT-1 in vitro.
Myoblasts were cultured in DMEM supplemented with
0.1% bovine serum albumin, ITS (10 pg/ml insulin, 10
pg/ml transferrin, arid 10 ng/ml selenious acid), and con-
ditioned media were collected after 72-h incubation. Pri-
mary culture of neonatal rat cardiac myocytes was prepared
as previously described (21). Cardiac myocytes were treated
with either DMEM supplemented with 0.1% bovine serum
albumin and ITS (control), the media from myoblasts with
or without CT-1~trinsfer, or 1 nM recombinant human
CT-1 (Pepro Tech EC Ltd.) for 48 h. Then cellular
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morphology was examined and photographed under light
microscopy.

Proliferation and survival tests in myoblasts were per-

formed by use of C2C12 myoblasts (American Type Cul-
ture Collection, Manassas, Virginia). Briefly, 5,000 cells
were plated in 96-well dishes and grown for 24-h in media
containing 10% FBS. The media were then changed to 0%
or 10% serum-media, and cell number was determined by
the absorbance of the WST-8 reagent (Dojindo Co.,
Kumamoto, Japan) at 0, 8, 24, and 48 h after media
replacement.
Statistical procedures. All values were expressed as mean
= SEM. The serial measurements of echocardiography
were assessed using two-way analysis of variance for re-
peated measures. The differences at specific stages among
groups were analyzed by one-way analysis of variance,
followed by Bonferroni’s multiple-comparison # test. Paired
¢ test was used to assess significant differences in myocyte
size between areas in each group. Statistical analyses were
performed using StatView (version 5.0, SAS Institute Inc.,
Cary, North Carolina). Values were considered statistically
significant at p < 0.05.

RESULTS

Functional assessment after cell transplantation. The
DS rats who were fed a high salt diet developed systemic
hypertension (>220 mm Hg) at the age of 11 weeks, which
continued until the age of 17 weeks. There was no signifi-
cant difference in systolic blood pressure among three
groups throughout the experiment (Table 1). At the age of
14 to 17 weeks, two rats in the sham group and one rat in
the MB group deceased. These animals showed labored
respiration with a loss of activity before they died. There-
fore, the cause of their death seemed to be congestive heart
failure. At the age of 17 weeks, LV end-diastolic pressure
increased, and LV dP/dt,,,, decreased in the sham group,
reflecting congestive HEF (Table 2). In contrast, LV end-
diastolic pressure was not increased, and LV dP/dt was
relatively preserved in both the MB and MB + CT groups.
Moreover, LV dP/dt,,,, was significantly higher in the MB
+ CT group than in the MB group (p < 0.01) (Table 2).

Representative M-mode echocardiograms of the LV at
the papillary muscle level were shown in Figure 1A. At the
age of 11 weeks, the DS rats developed concentric LV
hypertrophy, and there were no differences in preoperative
data among the three groups (Fig. 1). At the age of 17
weeks, the sham group showed marked LV dilation and
global hypokinesis (Fig. 1A). From the age of 11 to 17
weeks, a marked decrease in %FS and an increase in EDD
occurred in sham group, which was associated with a
reduction in PWT (%FS, 50.9 = 0.4 vs. 32.1 = 1.4; EDD,
568 = 0.02 vs. 7.06 + 0.14 mm; PWT, 2.12 = 0.05 vs.
1.68 = 0.02 mm) (Fig. 1B). In contrast, LV dilation was
attenuated, and contractile function was maintained signif-
icantly in both the MB and MB + CT groups at the age of
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Table 1. Systolic Blood Pressure and LVW/BW Ratio

n SBP (mm Hg) BW (g) HW (mg) LVW (mg) LVW/BW (mg/g)

Sham

11w 7 214 =10 3336

17W 3 241 £ 24 337 =18 1,468 = 83 1,221 = 69 3.7+0.4
MB

11w 12 214 %8 3313

17W 6 22113 326 + 16 1,514 = 46 1,199 x 69 3.7*+01
MB + CT

11w 11 201 12 3295

17W 4 23320 331%5 1,575 = 32 1,330 = 30 4.0 +0.1

Values are presented as mean = SEM.

BW = body weight; CT = cardiotrophin; HW = heart weight; LVW = left ventricular weight; MB = myoblasts; SBP =

systolic blood pressure; W = the age (weeks).

17 weeks compared with the age-matched sham group (Fig.
1). Moreover, %FS, EDD, and PWT were more preserved
in the MB + CT group than in the MB group at the age of
17 weeks (%FS 43.2 = 0.8 vs. 38.5 = 1.5; EDD 6.24 =
0.07 vs. 6.51 = 0.16 mm; PWT 1.79 = 0.02 vs. 1.73 = 0.02
mm, p < 0.05, respectively) (Fig. 1B). On the other hand,
B-mode echocardiogram did not exhibit asymmetrical LV
wall motion after cell transplantation in both the MB and
MB + CT groups (data not shown).

We also performed Holter electrocardiogram in some
animals at the age of 17 weeks, which revealed no lethal
arrhythmias after cell transplantation (n = 3 in the MB
group and n = 2 in the MB + CT group, data not
shown).

Grafted myoblasts in the myocardium. Serial sections of
the transplanted area after cell transplantation were shown
in Figure 2. Graft survival was identified at six weeks after
transplantation (the age of 17 weeks) by hematoxylin-eosin
staining and immunohistochemical staining for skeletal-
specific myosin heavy chain, by MY-32 mAb. Multinuclear
elongated structure was identified in H-E staining, which
indicates that myoblasts had differentiated into myotubes
(Fig. 2). These muscular structures were positively stained
with MY-32 (Fig. 2), whereas no cells were stained in the
PBS-injected hearts. Positive staining for skeletal myosin
heavy chain revealed the presence of myotubes. Surviving
cells aligned with the cardiac fiber axis within the native
myocardium. On the other hand, accumulation of inflam-
matory cells was hardly detected around the transplanted
area at day 0 and two weeks, four weeks, and six weeks after
transplantation in both MB and MB + CT groups. As
reported previously, the fibrosis was found mainly in

Table 2. Hemodynamics at the Age of 17 Weeks

Sham MB MB + CT
(n=4) (n=6) (n=7)
dP/dt max, 887.8 = 85.2 1,252 *+ 35% 1,849 + 1681+
mm Hg/s
LVEDP, mm Hg 140 £ 2.9 6.9 >+ 2.3% 6.8 = 1.1%

Values are presented as mean = SEM. *p < 0.05 and tp < 0.01 vs. sham group; $p
< 0.01 vs. MB group by ANOVA and Benferroni’s multiple-comparison # test.

CT = caxdiotrophin; dP/dt = maximal dP/dt; LVEDP = Left ventricular
end-diastolic pressure; MB = myoblasts.

perivascular regions of the arterioles (11), and there were no
differences in the extent of fibrosis among the three groups.
CT-1 expression in the myocardium after cell transplan-
tation. The secretion of transferred gene-derived CT-1
was confirmed in vitro by Western blot analysis (Fig. 3A).
Immunohistochemical staining of the transplanted area for
CT-1 is shown in Fig. 3B. Myotubes positively stained for
CT-1 were detected in the MB + CT group at six weeks
after transplantation, whereas no myotubes were stained in
the MB group (Fig. 3B). These data suggest that local
expression of CT-1 in CT-l-transfected cells was sus-
tained. Positive staining of myocardium for CT-1, although
slightly, was also detected, indicating that endogenous
CT-1 was expressed in the myocardium. Western blot
analysis revealed that tissue expression of CT-1 in the LV
free wall of the MB + CT group significantly increased
compared with sham group at two weeks after transplanta-
tion (Fig. 3C) (2.3 = 0.5-fold, p < 0.05).

Morphometry of the ventricular myocytes. The cross-
sectional area of LV myocytes markedly increased from the
age of 6 to 11 weeks (Fig. 4B). Then the sham group
exhibited a slight decrease of myocyte size, although statis-
tically not significant, from the age of 11 to 17 weeks (Fig.
4B). In contrast, the myocyte size in both the free wall and
the septum wall of LV increased in the MB + CT group,
from the age of 11 to 17 weeks (Fig. 4B). At the age of 17
weeks, although no difference in myocyte size was found
between the sham and MB groups, the myocyte size in the
free wall was 20% larger in the MB + CT group than in
sham group (p < 0.05) (Figs. 4A and 4B). Furthermore, the
myocyte size in the free wall at the cell-injected site was
significantly larger than that of septum wall at the remote
site of cell injection in the MB + CT group at this stage (p
< 0.05) (Fig. 4B). On the other hand, the myocyte size in
the free wall did not significantly differ from that of the
septum wall in both the sham and MB groups. We also
demonstrated that the conditioned media from CT-1-
transferred myoblasts induced cardiac myocyte hypertrophy
in vitro (Fig. 4C). These data suggest that CT-1 secreted
from grafted cells in the MB + CT group induced hyper-
trophy of the adjacent myocardial cells in a paracrine
manger.
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Figure 1. (A) Representative tracings of left ventricular M-mode echocardiograms of the sham group at the age of 11 weeks (upper left) and 17 weeks
(upper right), the myoblast transplantation (MB) group (lower left), and the transplantation of CT- 1-expressing myoblasts (MB + CT) group (lower
right) at the age of 17 weeks. Left ventricular dilation and contractile dysfunction were attenuated in both MB and MB + CT groups at the heart failure
stage (six weeks after transplantation). (B) Serial measurements of echocardiography in the sham, MB, and MB + CT groups. A p value by two-way analysis
of variance: group <0.001; time course <<0.001; group/time course interaction <0.001 for each parameter. *p < 0.05 and **p < 0.01 vs. sham group; tp
< 0.05, and Hp < 0.01 vs. MIB group at same stage by Bonferroni’s multiple-comparison £ test. Values are means = SEM. EDD = end-diastolic diameter;
FS = fractional shortening; PWT = posterior wall thickness; W = the age (weeks).

Neurohumoral regulation during the transition to con-
gestive HF. In this DS rat model, it has been demon-
strated that the activation of local renin-angiotensin and
endothelin systems iri the heart contributes to the transition
to heart failure (22,23). Indeed, serum Ang II levels in-
creased at the congestive heart failure stage compared with
the LV hypertrophy stage in sham group (Fig. 5A). How-
ever, these changes were attenuated in both the MB and
MB + CT groups, and the degree of attenuation was
greater in MB + CT group than the MB group (p < 0.05)
(Fig. 5A). The serum ET-1 levels were also upregulated

- during the transition to congestive heart failure in sham

group, but remained unchanged in both the MB and MB +
CT groups (Fig. 5B). We also found that upregulation of
angiotensinogen, angiotensin-converting enzyme, prepro-
ET-1, and ET-converting enzyme messenger ribonucleic
acid in the LV during the transition to congestive heart
failure were all attenuated by myoblast transplantation,
using semiquantitative reverse transcriptase-polymerase
chain reaction (data not shown).

The effect of CT-1 on myoblast survival in vitro. To
exarnine the effect of CT-1 on myoblast survival in vitro, we
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Figure 2. Serial sections of transplanted area at the age of 17 weeks (six weeks after transplantation). Left panel shows hematoxylin-eosin (H-E} staining.
Multinuclear elongated structure is typical of myotubes (arraws). Right panel shows immunohistochemical staining for skeletal-specific myosin heavy chain
by MY-32. Positive staining with MY-32 demonstrates the presence of myotubes (arrows). Original magnification, ><400.

used C2C12 myoblasts rather than rat myoblasts (harvested
from rats) to avoid contamination of other type cells such as
fibroblasts. Proliferation rates of cells were measured in 10%
serum-media. Although statistically not significant, the
number of C2C12 cells transferred CT-1 by retrovirus
(C2C12¢y4) tended to be higher than that of parental
C2C12 cells at 48 h (Fig. 6A). Then we assessed whether
C2C12c; cells were resistant to serum-deprivation-
induced cell death. In the absence of serum, C2C12 cells
rapidly died, whereas C2C12¢.; cells not only survived but
also proliferated (Fig. 6B). This protective effect was also
observed by addition of CT-1 in culture medium (Fig. 6B).
Based on these findings, it is likely that CT-1 augments the
graft survival ratio in the myocardium.

DISCUSSION

In the present study, we examined the effect of skeletal
myoblast transplantation with and without CT-1 gene
transfer on global heart failure of nonischemic cause.

We demonstrated that the transplantation of skeletal
myoblasts alleviated the transition from compensatory hy-
pertrophy to congestive heart failure in DS hypertensive
rats. So far, only a few animal studies showed that direct
intramyocardial injection of fetal cardiac myocytes and
smooth muscle cells could improve cardiac function in
global heart failure due to nonischemic causes (8-10).
Suzuki et al. (24) showed the efficient transplantation of
skeletal myoblasts via the intracoronary route to doxorubicin-
induced HF. Indeed, intracoronary injection is a reasonable
method for global dissemination of cells into the heart, but
there might be a danger of myocardial infarction. Intramyo-
cardial injection is the most practical method for cell delivery in
human patients at the moment. In this study, we injected
skeletal myoblasts directly into the myocardium of DS hyper-
tenstve rats at the LV hypertrophy stage (the age of 11 weeks).

Six weeks after transplantation, the transplanted miyoblasts
survived and formed myotubes, which aligned with cardiac
fiber axis within the native myocardium.

Echocardiographic examination demonstrated reduced
%FS, increased EDD, and decreased PWT at the conges-
tive HF stage (the age of 17 weeks) in all groups. Therefore,
ventricular dilation and thinning of the ventricular wall were
associated with reduced cardiac contractility. Myocardial
muscle fiber slippage and realignment are implicated in the
ventricular remodeling of DS hypertensive rats, particularly
in the thinning of the myocardium (25). Myoblast trans-
plantation attenuated these morphologic changes associated
with ventricular remodeling and served to preserve ventric-
ular function in DS hypertensive rats. Although the precise
mechanisms underlying the beneficial effect of myoblast
transplantation have not been fully elucidated, it is likely
that their passive girdling effect against mechanical stretch-
ing prevented LV dilation and remodeling (1). In DS
hypertensive rats, activations of local renin-angiotensin or
ET systems and matrix metalloproteinases in the heart
contribute to LV remodeling and contractile dysfunction
during the transition to heart failure (22,23,25). We found
that myoblast transplantation attenuated upregulation of
renin-angiotensin and ET systems during the transition to
congestive HF. Although a causal relationship between the
alteration of these neurohumoral regulations and the func-
tional outcome remains elusive, it is possible that a decrease
in wall stress due to the elastic property of engrafted cells
attenuated the expression of such neurchumoral factors and
alleviated the LV remodeling. On the other hand, there is a
possibility that inflammation by direct injection induced
paracrine effects, such as secretion of growth factors, and
improved the cardiac function (8), but accumulation of
inflammatory cells was hardly detected around the trans-
planted area throughout the experiment.
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Figure 3. (A) Detection of secreted cardiotrophin-1 (CT-1) in culture media by Western blot analysis. Human CT-1 was detected as a 26-kDa band.
Only nonspecific staining was seen in 10% FBS-DMEM and the conditioned media from parental myoblasts. In the media from CT-1-transferred
myoblasts, CT-1 was detected in addition to nonspecific staining. Twice, infections of retrovirus augmented the CT-1 expression. (B) Transplanted area
stained for CT-1 in the myoblast (MB) group (left) and the MB + CT group (right) at the age of 17 weeks (six weeks after transplantation). Grafted cells
in the MB + CT group showed positive staining for CT-1 (arrows). Original magnification, X400. (C) Western blot analysis for CT-1 in the left
ventricular free wall. Each protein level of CT-1 was normalized to 2 mean value of sham group (n = 5 for each). *p < 0.05 vs. sham group. Values are

means = SEM.

Active force generation by grafted cells is another con-
ceivable mechanism (1). After engraftment, myoblasts
merge into myotubés, and this graft might contract in
synchrony with the host tissue. Because gap junction pro-
teins, such as N-cadherin and connexin-43, have been
shown to be downregulated after differentiation into myo-
tubes, the presence of electromechanical coupling seems
unlikely (26,27). On the other hand, simple stretch might
initiate contraction of myotubes (28).

The efficiency of the cell-mediated gene delivery, which
employs skeletal myoblasts expressing transforming growth
factor-beta,; or vascular endothelial growth factor, has been
reported (12,13). We examined the effect of prolonged
overexpression of CT-1 in the myocardium by myoblast-
mediated gene transfer using retrovirus.

Cardiotrophin-1 has hypertrophic and cardioprotective
properties and acts through LIF receptor beta/glycoprotein
130(gp130)-coupledsignalingpathway(14~16). Cardiotrophin-

1 promotes cardiac myocyte hypertrophy by directing sar-
comere assembly in series in vitro (15). On the other hand,
CT-1 prolongs survival of cardiac myocytes (16,29). Cardiac
myocyte-restricted knockout of gp130 in adult mice devel-
ops LV dilation and induces apoptosis in the myocardium
when the LV is subjected to increased wall stress, suggesting
that gp130 signaling has the protective effect on cardiac
myocytes (30). In chronic HF, CT-1 expression in the
myocardium is upregulated corresponding to the severity
(17,18). In this study, we demonstrated that the transplan-
tation of skeletal myoblasts expressing CT-1 provides fur-
ther benefits in preserving cardiac function compared with
myoblast transplantation alone, suggesting that CT-1 has
the protective effects against ventricular remodeling.
Western blot analysis showed the CT-1 secretion from
CT-1-gene transferred myoblasts in vitro and the increased
expression of CT-1 in the LV free wall of the MB + CT
group in vivo. Immunohistochemical staining exhibited
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Figure 4. (A) Photomicrographs of cardiac myocytes in the antesior aspect of left ventricular (LV) free wall at the age of 17 weeks in sham (left), myoblast (MB)
(center), and MB + cardiotrophin (CT) (right) groups. The bar indicates 50 um. (B) Relative cross-sectional area of cardiac myocytes in the L'V (open bars),
the free wall (solid bars), and the septum (striped bars) of the LV. Myocyte size was normalized to 2 mean value of Dahl salt-sensitive: rats at the age of six weeks.

*p < 0.05 vs. sham group by analysis of variance and Bonferroni’s multiple-comparison ¢ test. Tp < 0.05 versus the septum wall by pa:ed # test. Values are means
+ SEM. (C) Phase-contrast photomicrographs of cultured neonatal rat ventricular cardiac myocytes (CM). Cardiac myocytes were tikated as described for 48 h.

The media from parental myoblasts showed no morphologic changes compared with control The media from CT-1-transferred myoblasts induced myocardial
cell hypertrophy, similar o that seen in 1 nM CT-1-incubated CMs. Myoblastey_, = CT-1-transferred myoblasts.

that, in the MB + CT group, overexpression of CT-1 in
grafted cells within myocardium sustained until six weeks
after transplantation. The plasma level of CT-1 was not
evaluated in this study. Intravenous injection of CT-1 has
been reported to elicit systemic hypotension via a nitric
oxide-dependent mechanism (31). Because there were no
significant differences in systolic blood pressure among three

groups throughout the experiment, the plasma level of
CT-1 was probably not elevated in the MB + CT group
compared with the other two groups. We speculate that
transferred gene-derived CT-1 operated in an autocrine/
paracrine manner at the stage of transition from compen-
sated to decompensated HF.

Transferred gene-derived CT-1 induced myocardial cell



JAGC Vol. 43, No. 12, 2004
June 16, 2004:2337-47

A.

%
160 y “ '
 mm—— 1
7~
—~ 80
£
=Y}
R
— 60 S
et
=11]
=
< 40
=
=
5
v 20
Sham MB MB+CT
B.
¥ * L]

6
famn
=
S~
on
= 4
-
f
==
£
=2
)
N

0 )

Sham MB MB+CT

Figure 5. Plasma levels of angiotensin II (Ang II) (A) and endothelin-1
(ET-1) (B) at the age of 13 weeks (open bars) and 17 weeks (solid bars).
Values are means £ SEM. n = 5 per group. *p < 0.05 vs. sham group; p
< 0.05 vs. myoblast (MB} group at same stage by analysis of variance and
Bonferroni’s multiple-comparison # test. CT = cardiotrophin.

hypertrophy in vitro, and histological examination revealed
the increased cross-séctional area of myocytes in the MB +
CT group in congestive heart failure stage compared with
the MB group. Echocardiographic examination also re-
vealed that the wall thickness was more preserved at the
congestive HF stage in the MB + CT group compared with
‘the MB group. Excessive hypertrophy may induce contrac-
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Figure 6. Proliferation and survival of parental and cardiotrophin-1 (CT-
1)-transferred myoblasts in media containing 10% (A) or 0% (B) serum.
Cell number was determined by the absorbance of the WST-8 reagent.
Optical density values were normalized to the mean value of each group at
0 h. Data are presented as mean = SEM of four measurements. *p < 0.05
and ™p < 0.01 vs. parental C2C12 cells at same time point by analysis of
variance and Bonferroni’s multiple-comparison # test. C2C12ap, =
CT-1-tansferred C2C12 cells.

tile dysfunction, but the cardiac function of the MB + CT
group was preserved more effectively than the MB groups.
Although no definite mechanism has been proven in the
relationship between contractile function and myocardial
hypertrophy, the present findings suggest that CT-1 from
the transplanted cells serves to maintain cardiac function by
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inducing hypertrophy of the adjacent cardiac myocytes.
Cardiotrophin-1 is known to be a survival factor for cardiac
myocytes (16). In the present study, we revealed that CT-1
also has a survival effect on myoblast in vitro. Therefore, it
is also possible that CT-1 augmented the graft survival ratio
in the myocardium and, thus, enhanced the beneficial effects
of cell transplantation. To elucidate this issue, quantitative
assessment of the area of injected myoblasts is needed. Also,
it is important to verify that myoblasts were injected to the
equivalent extent of areas between rats in the MB group and
those in the MB + CT group. We tried to measure the graft
survival ratio by use of a retroviral vector encoding CT-1~
IRES (internal ribosomal entry site)-green fluorescent pro-
tein gene; however, the system did not work in the trans-
planted hearts. Those are the limitations of the present
study, and recently reported new methods may help to
resolve this issue (32,33).

In conclusion, we demonstrated that MB myoblasts
alleviated the transition from compensatory hypertrophy to
congestive heart failure in DS hypertensive rats. Transplan-
tation of CT-1—expressing skeletal myoblasts by retroviral-
mediated gene transfer resulted in prolonged overexpression
of CT-1 within myocardium and preserved cardiac function
more effectively. The results of this study suggest that CT-1
has the protective effects against ventricular remodeling.
Transplantation of skeletal myoblasts combined with CT-
1-gene transfer could be a useful strategy for the treatment
of HF.
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Molecular Medicine

Stoichiometric Relationships Between Endothelial
Tetrahydrobiopterin, Endothelial NO Synthase (eNOS)
Activity, and eNOS Coupling in Vivo

Insights From Transgenic Mice With Endothelial-Targeted GTP
Cyclohydrolase 1 and eNOS Overexpression

Jennifer K. Bendall, Nicholas J. Alp, Nicholas Warrick, Shijie Cai, David Adlam, Kirk Rockett,
Mitsuhiro Yokoyama, Seinosuke Kawashima, Keith M. Channon

Abstract—Endothelial dysfunction in vascular disease states is associated with reduced NO bjoactivity and increased
superoxide (O,”) production. Some data suggest that an important mechanism underlying endothelial dysfunction is
endothelial NO synthase (eNOS) uncoupling, whereby eNOS generates O, rather than NO, possibly because of a
mismatch between eNOS protejn and its cofactor tetrahydrobiopterin (BH4). However, the mechanistic relationship
between BH4 availability and eNOS coupling in vivo remains undefined because no studies have investigated the
regulation of eNOS by BH4 in the absence of vascular disease states that cause pathological oxidative stress through
multiple mechanisms. We investigated the stoichjometry of BH4-eNOS interactions in vivo by crossing endothelial-
targeted eNOS transgenic (eNOS-Tg) mice with mice overexpressing endothelial GTP cyclohydrolase 1 (GCH-Tg), the
rate-limiting enzyme in BH4 synthesis. eNOS protein was increased 8-fold in eNOS-Tg and eNOS/GCH-Tg mice
compared with wild type. The ratio of eNOS dimer:monomer was significantly reduced in aortas from eNOS-Tg mice
compared with wild-type mice but restored to normal in eNOS/GCH-Tg mice. NO synthesis was elevated by 2-fold in
GCH-Tg and eNOS-Tg mice but by 4-fold in eNOS/GCH-Tg mice compared with wild type. Aortic BH4 levels were
elevated in GCH-Tg and maintained in eNOS/GCH-Tg mice but depleted in eNOS-Tg mice compared with wild type.
Aortic and cardiac O,” production was significantly increased in eNOS-Tg mice compared with wild type but was
normalized after NOS iphibition with New-nitro-L-arginine methyl ester hydrochloride (L-NAME), suggesting O,~
production by uncoupled eNOS. In contrast, in eNOS/GCH-Tg mice, O, production was similar to wild type, and
L-NAME had no effect, indicating preserved eNOS coupling. These data indicate that eNOS coupling is directly related
to eNOS-BH4 stoichiometry even in the absence of a vascular disease state. Endothelial BH4 availability is a pivotal
regulator of eNOS activity and enzymatic coupling in vivo. (Circ Res. 2005;97:864-871.)

Key Words: endothelial nitric oxide synthase m tetrahydrobiopterin & nitric oxide ® superoxide

itric oxide (NO), produced by endothelial NO synthase

(eNOS) in the vascular endothelium, is a critical signal-
ing molecule in vascular homeostasis.? NO serves as an
endothelium-derived relaxing factor, regulates vasomotor
tone and blood pressure,’? and has multiple antiatherogenic
roles by inhibiting vascular smooth muscle cell proliferation,
platelet aggregation, and leukocyte adhesion.! Loss of NO
bioavailability is a key feature of endothelial dysfunction in
vascular disease states such as hypertension, diabetes, and
atherosclerosis. Furthermore, impaired NO-mediated endo-
thelial function is an independent risk factor for cardiovas-
cular disease.?~ Several factors contribute to loss of NO

bioavailability, including reduced NO synthesis and NO
scavenging by reactive oxygen species (ROS).¢ Under phys-
1ological conditions, there is a balance between endothelial
NO and ROS production. However, vascular diseases are
associated with increased ROS generation.® Several oxidase
systems contribute to the increased oxidative stress, notably
the NADPH oxidases.”#

Increasing evidence suggests that eNOS itself can generate
superoxide (O,7) under certain pathophysiological condi-
tions.? Ozakj et al'® reported recently that transgenic overex-
pression of eNOS in apolipoprotein E knockout mice para-
doxically increases vascular O,” production because of
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enzymatic uncoupling of increased eNOS protein levels.
Recent data indicate that the pterin cofactor tetrahydrobiop-
terin (BH4) is a major determinant of whether eNOS pro-
duces NO or O, 7.11.12 When BH4 levels are insufficient, there
is a shift toward the production of O, as electron transfer
within the active site of eNOS becomes uncoupled from
L-arginine oxidation, and molecular oxygen is instead re-
duced to form O,”.1! 0,7 generated by eNOS has been
implicated in endothelial dysfunction associated with a num-
ber of vascular disease states, including diabetes, smoking,
hypertension, and atherosclerosis,!®'2-*¢ and BH4 supple-
mentation improves endothelivm-dependent vasodilatation
under these conditions.¢ However, the effects of systemic
pharmacological BH4 supplementation in these studies may
be mediated in part by nonspecific antioxidant properties of
acute high-dose BH4,'7 which can increase NO bioavailabil-
ity indirectly by reducing its scavenging by ROS.

Recent studies have focused on the potential role of BH4
oxidation, to dihydrobiopterin (BH2) and other biopterin
species, in reducing BH4 bioavailability in preatherosclerotic
disease states.'¢-8 In particular, the interaction of BH4 with
peroxynitrite (generated from the reaction between NO and
0O,7) rapidly oxidizés BH4 and can provoke eNOS uncou-
pling and endothelial dysfunction.!2*-21 Indeed, eNOS un-
coupling may exacerbate the process by contributing to BH4
oxidation. However, it is unclear whether eNOS uncoupling
alone is sufficient to initiate BH4 oxidation and exacerbate
eNOS uncoupling in vivo because all in vivo studies to date
have evaluated BH4-dependent eNOS regulation in complex
vascular disease states in which multiple inflammatory and
redox pathways are implicated. Other previous studies of
the role of BH4 in eNOS function have relied on puri-
fied recombinant proteins in reconstituted cell-free
systems.11.22.2

Accordingly, we sought to investigate the importance of
BH4 in regulating eNOS activity in vivo in healthy animals
without vascular distase. We used a transgenic mouse model
with endothelial-targeted overexpression of GTP cyclohydro-
lase 1 (GTPCH), the rate-limiting enzyme in BH4 synthesis,
in which endothelial BH4 levels are specifically increased.®*
We crossed this transgenic mouse with a mouse overexpress-
ing eNOS in thé endothelium to generate mouse models with
graded alterations in endothelial BH4 and eNOS levels to
investigate the mechanistic relationships between BH4 and
eNOS coupling in vivo.

Materials and Methods

Animals

All studies involving laboratory animals were conducted in accor-
dance with the UK Home Office Animals (Scientific Procedures) Act
1986 (HMSO, UX). eNOS transgenic (éNOS-Tg) mice, in which
bovine eNOS transgene overexpression is targeted to the vascular
endothelium under the control of the murine preproendothelin-1
promoter in a C57BLJ6 background, were produced as described
previously.?® GTPCH transgenic (GCH-Tg) mice, in which human
GTPCH wransgene overexpression is targeted to the endothelinm
under control of the murine Tie-2 promoter, were gencerated in a
CS7BL/6 background as described previously.28 Heterozygote
eNOS-Tg mice were mated with heterozygote GCH-Tg mice o
produce experimental eNOS/GCH-Tg, eNOS-Tg, GCH-Tg, and
wild-type littermates in a 1:1:1:1 ratio. Mice (between 13 and 20
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weeks of age in all experiments) were housed in individually
ventilated cages with 12-hour light/dark cycle and controlled tem-
perature (20°C to 22°C) and fed normal chow and water ad libitam.

Western Blot Analysis

Lung samples (n=4 per group) were homogenized on ice for 20
seconds in lysis buffer (50 mmol/L Tris, pH 7.5, 150 mmol/L NaCl,
0.1% SDS, 0.5% deoxycholate, 1% Nonidet P-40) containing pro-
tease inhibitors (Complete; Boehringer Mannheim) and 1 mmol/L
phenylmethylsulfonyl fluoride. Protein lysates (8 pg) were resolved
using SDS-PAGE and transferred o polyvinylidene difluoride mem-
branes. Membranes were incubated with a 1:2000 dilution of mouse
anti-eNOS monoclonal antibody (Transduction Laboratories), which
recognizes murine and bovine eNOS, followed by a 1:2500 dilution
of rabbit anti-mouse horseradish peroxidase—conjugated secondary
antibody (Promega). Protein bands were visualized by chemilumi-
nescence. To investigate the ratio of eNOS homodimer to monomer,
Western blots were performed as above using nonboiled aortic
lysates and low-temperature SDS-PAGE as described previously.2?

Primary Cultures of Murine Lung
Endothelial Cells
Lungs were harvested into culture medium (35% DMEM, 35%
Ham’s P-10 nutrient mixture, 20% FBS, 2 mmol/L L-glutamine, 100
U/100 pg/ml penicillin-streptomycin, 100 we/ml. heparin, and 50
¢/mlL endothelial mitogen [Biogenesis)), cut into 1- to 2-mm pieces
and digested using 0.1% collagenase type I for 1 hour at 37°C. The
lung digest was passed through a 100-pm cell strainer. Cells were
centrifuged, resuspended in culture medium, and plated onto 0.1%
gelatin-coated cover slips. Cultures were maintained at 37°C in
humidified 5% CO,/95% air atmosphere for 72 hours before fixation
with 4% paraformaldehyde.

Immunocytochemistry

Fixed cultures were permeabilized with PBS containing 0.5% Triton
X-100, and nonspecific staining was reduced by blocking with 10%
normal goat serum. Cultures were incubated with a polyclonal rabbit
anti-eNOS primary antibody (Transduction Laboratories) followed
by goat anti-rabbit secondary antibody (Alexa Fluor 488; Molecular
Probes). Cells were mounted with cover slips using Vectashield
containing propidium iodide (Vector Laboratories) and imaged using
a Bio-Rad MRC-1024 laser-scanning confocal microscope.

Measurement of Biopterins and Neopterin

Biopterins, such as BH4, BH2 and biopterin, and neopterin were
measored in aortic homogenates by high-performance liquid chro-
matography (HPLC) analysis after iodine oxidation in acidic or
alkaline conditions as described previously. 2428 In brief, thoracic
aortas (n=6 to 8 per group) were homogenized for 20 seconds in
ice-cold extract buffer (50 mmol/L Tris-HCl, pH 7.4, 1 mmol/L
dithiothreitol, and 1 mmol/l. EDTA) containing 0.1 wmol/L. neop-
terin as an internal recovery standard. Samples were deproteinated
before nndergoing oxidation with 1% iodine/2% potassium iodide
under either acidic or basic conditions. Biopterin content was
assessed using HPLC in 5% methanol/95% water using an ACE 5
C18 column (ACT) and fluorescence detection (350 nm excitation
and 450 nm emission). BH4 concentration was calculated as pico-
moles per milligram of protein by subtracting BH2 and biopterin
from total biopterin content.

Arginine-to-Citrulline Conversion

NOS enzymatic activity, and indirectly NO synthesis, was measured
by the conversion of “C L-arginine to “C vL-citrulline in fresh intact
aorta (n=>5 to & per group) and lung homogenate (n=6 per gronp) as
described previously.2+2® The integrals of citrulline peaks were
expressed as a proportion of total C counts for each sample.
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Electron Paramagnetic Resonance Spectroscopy

Electron paramagoetic resonance (EPR) spectroscopy was used to
quantify vascular NO production according to previously described
and validated methods.?° In brief, freshly barvested aortas (n=8 to
11 per group) were stimulated with calcium ionophore (A23187;
1 pmolL) in 100 uL Krebs-HEPES buffer, then incubated with
colloid iron (ID diethyldithiocarbamate [Fe(DETC),] (285 umol/L)
at 37°C for 90 minutes. After incubation, aortas were spap-frozen in
a column of Krebs-HEPES buffer in liquid nitrogen, and EPR
spectra were obtained using an X-band EPR spectrometer (Minis-
cope MS 200; Magnettech). Signals were quantified by measuring
the total amplitude, after correction of baseline, and after subtracting
background signals from incubation with colloid Fe(DETC), alone.

Lucigenin-Enhanced Chemiluminescence Detection
of Superoxide in Heart Lysates

Basal O, production was measured in left ventricular (L.V) homog-
enates (0=7 to 10 per group) using the techmique of Jucigenin
(5 mmol/L) chemiluminescence according to methods described
previously.**21 In brief, hearts were flushed with ice-cold Krebs—
HEPES buffer, the L'V excised, and snap-frozen in liquid nitrogen.
Samples were homogenized in Kreb-HEPES buffer containing
protease inbibitors (Complete; Boehringer Maonheim) at pH 7.4.
Chemiluminescence was measured in a FB12 luminometer (Berthold
Detection Systems) at 37°C. Chemiluminescence of 200 pg LV
protein was recorded every mipute for 8 minutes. The NOS inhibitor
Nw-nitro-L-arginine methyl ester hydrochloride (L-NAME;
1 mmol/l) was subsequently added and chemiluminescence rec-
orded for an additional 5 minutes. Background readings were
subtracted from sample readings and results expressed as counts per
second.

Lucigenin-Enhanced Chemiluminescence Detection
of Superoxide in Intact Aorta

Basal O, production was measured in intact aorta (0=8 to 12 per
group) according to methods described previously.’43? Jn brief,
freshly cleaned and harvested thoracic aortas were opened longitu-
dinally, cut into 2, and transferred to ice-cold Krebs—HEPES buffer.
Vessels were equilibrated in Krebs-HEPES buffer gassed with 95%
oxygen/5% carbon dioxide for 30 minutes at 37°C, with oue half of
each vessel being incubated in the presence of L-NAME (1 mmol/L).
Lucigenin (20 pmol/L) chemiluminescence was then recorded every
minute for 10 mioutes as above. Background readings were sub-
tracted from sample readings and results expressed as counts per
second per milligram dry weight of aorta.

Oxidative Fluorescent Microtopography

O,~ production in tissue sections of mouse aorta (n=5 to 7 per
group) was detected using the fluorescent probe dihydroethidium
(DHE), as described previously.**2422 Fresh segments of thoracic
aorta were frozen in optimal cutting temperature compound. Cryo-
sections (30 um) were incubated with Krebs—HEPES buffer with or
without L-NAME (1 mmol/L; to inhibit eNOS) for 30 minutes at
37°C, then for an additiomal 5 moinutes with DHE (2 piool/L;
Molecular Probes). Images were obtained using a Bio-Rad laser-
scapning confocal microscope, equipped with a krypton/argon laser,
using identical acquisition settings for each section. DHE fluores-
cence was quantified by automated image analysis usiog Iimage-Pro
Plus software (Media Cybernetics). DHE fluorescence from high
power (X60) images was toeasured only on the Juminal side of the
internal elastic lamina to quantify endothelial cell fluorescence. For
each vessel, mean fluorescence was calculated from 4 separate
high-power fields taken in each quadrant of the vessel to produce
n=1, and all experiments were performed in a batch design.

Statistical Analysis

One-way ANOVA tests were used to compare data sets, with
appropriate post hoc correction for multiple comparisons. P<0.05
was considered significant. Data are expressed as toeans and SEM.

A B

Figure 1. Immunoblotting with a murine anti-eNOS monocional
antibody to detect native and transgenic eNOS monomer pro-
tein in boiled lung lysates (A) and eNOS dimer:monomer protein
bands in aortic lysates from wild-type (WT), eNOS-Tg, GCH-Tg,
and eNOS/GCH-Tg mice (B); n=4 animals per group; *P<0.05
and *P<0.001 compared with WT. a.u. indicates arbitrary units.
C, Immunofluorescent detection of eNOS (green), counter-
stained with propidium iodide (red), in primary endothelial cells
cultured from WT, eNOS-Tg, GCH-Tg, and eNOS/GCH-Tg mice.
Bar=20 pm.

Results

eNOS Protein Levels and Subcellular Localization
Western blot analysis confirmed that eNOS protein levels
were elevated 8-fold in eNOS-Tg compared with wild-type
amimals (P<0.001; Figure 1A). Overexpression of endothe-
lial GTPCH, the rate-limiting enzyme in BH4 synthesis, in
GCH-Tg mice did not significantly alter eNOS protein levels
compared with wild type. However, as for eNOS-Tg mice,
eNOS protein levels were elevated 8-fold in double-
transgenic eNOS/GCH-Tg mice.

We used low-temperature SDS-PAGE and immunoblotting
to investigate eNOS homodimerization and the ratio of eNOS
dimer to monomer in aortas. In eNOS-Tg aortas, eNOS
dimer:monomer was significantly depleted compared with
wild type (P<C0.05) but unchanged in GCH-Tg mice (Figure
1B). Importantly, the reduced eNOS dimer:monomer ratio in
the eNOS-Tg group was restored to wild-type levels in
double- transgenic eNOS/GCH-Tg mice.

We investigated the subcellular localization of eNOS in
primary cultures of lung endothelial cells using immunocy-
tochemistry. eNOS appeared to be localized majnly to plasma
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Figure 2. BH4 levels in aortas from wild-type (WT), eNOS-Tg,
GCH-Tg, and eNOS/GCH-Tg mice. *P<0.05 compared with WT
and $P<0.05 compared with eNOS-Tg; n=6 to 8 animals per
group.

membranes and the Golgi apparatus in endothelial cells from
all 4 groups (Figure 1C). However, in accordance with the
immunoblotting data, the intensity of eNOS immunostaining,
unchanged in GCH-Tg mice, was markedly increased in
endothelial cells from eNOS-Tg and eNOS/GCH-Tg animals
compared with wild type.

Aortic BH4 Levels

We next measured vascular BH4 levels in homogenates of
snap-frozen aorta using iodine oxidation and HPLC. Surpris-
ingly, BH4 levels were significantly depleted in eNOS-Tg
mice compared with wild type, suggesting oxidative degra-
dation of BH4 (P<0.05; Figure 2). We then sought to
confirm that increased endothelial GTPCH expression led to
increased BH4 levels in aortic homogenates of GCH-Tg and
eNOS/GCH-Tg mice. As reported previously,?* aortic BH4
levels were significantly elevated by >2-fold in GCH-Tg
mice compared with wild type (P<<0.05). Importantly, aortic
B4 levels were also elevated in eNOS/GCH-Tg mice and
were not significantly different between GCH-Tg and eNOS/
GCH-Tg mice.

eNOS Enzymatic Activity and NO Production

To determine the relationship between eNOS protein levels
and eNOS enzymatié activity, we measured conversion of "C
L-arginine 0 "“C L-citrulline by eNOS in intact aorta using
HPLC with online scintillation detection. Citrulline produc-
tion was increased only 2-fold in eNOS-Tg aortas compared
with wild type (P<<0.05; Figure 3A and 3B), despite eNOS
protein levels being elevated 8-fold in these animals. Indeed,
the ratio of eNOS enzymatic activity to eNOS protein was 0.6
in eNOS-Tg mice compared with 2.0 in wild-type animals. A
similar pattern of results was obtained when using lung tissue
Iysates (Figure 3C). To further investigate the stoichiometric
relationship between eNOS and endothelial BH4 in vivo and
to determine whether increasing endothelial BH4 in
eNOS-Tg mice could augment eNOS enzymatic activity, we
next measured eNOS enzymatic activity in GCH-Tg and
eNOS/GCH-Tg mice. NOS activity was increased 2-fold in
GCH-Tg aorta and lung compared with wild type (P<<0.05;
Figure 3A through 3€). Indeed, eNOS enzymatic activity was
similar in GCH-Tg and eNOS-Tg mice despite eNOS protein
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Figure 3. A, Representative HPLC chromatograms showing **C
citrulline peaks for wild-type (WT; gray triangles), eNOS-Tg
(black triangles), GCH-Tg (white squares), and eNOS/GCH-Tg
(hatched squares) mouse aortas. Graphs show percentage “C
citrulline conversion from “C arginine as a measure of eNOS
activity measured in total fresh intact aorta (B) and lung tissue
lysates (C); n=5 to 8 animals per group; *P<0.05, *P<0.01,
and **P<0.001 compared with WT; and $P<0.05 compared
with eNOS-Tg.

levels being considerably higher in eNOS-Tg animals. Criti-
cally, eNOS enzymatic activity was further elevated in
eNOS/GCH-Tg mice compared with eNOS-Tg animals
(P<0.05): augmented levels of endothelial BH4 in eNOS/
GCH-Tg mice resulted in an =~4-fold increase in eNOS
enzymatic activity in aorta and lung compared with wild-type
mice (P<0.01). These data suggest that eNOS activity is
exquisitely dependent on endothelial BH4 levels even in the
absence of vascular disease.

In complementary experiments, we used Fe-DETC EPR to
directly measure NO bioavailability in mouse aortas. In
accordance with measures of enzymatic activity, net NO
levels were increased ~2-fold in eNOS-Tg aortas compared
with wild type (Figure 4). These results demonstrate that
there was a striking discordance between eNOS protein
levels, eNOS enzymatic activity, and NO production in
eNOS-Tg mice. We then determined the effects of increased
endothelial BH4 using the GCH-Tg and eNOS/GCH-Tg mice
and observed a similar pattern of results as for NOS enzy-
matic activity. Aortic NO bioavailability was elevated almost
2-fold in GCH-Tg mice compared with wild type and not
significantly different from eNOS-Tg mice (Figure 4). Criti-
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Figure 4. Net NO levels in intact aorta measured using
Fe-DETC EPR. Graph shows mean quantitative data with corre-
sponding representative EPR spectra showing the characteristic
peaks associated with the Fe-DETC signal above. n=8 to 11
animals per group; *P<0.05 and **P<0.01 compared with wild
type (WT). a.u. indicates arbitrary units.

cally, net NO bioavailability was further elevated (~3-fold
compared with wild type) in eNOS/GCH-Tg mice.

eNOS Uncoupling: Effect of eNOS and GTPCH
Overexpression In Vivo

To investigate whether eNOS uncoupling results from dis-
cordance between eNOS and BH4, we measured O, pro-
duction and, more specifically, eNOS-derived O, produc-
tion using the NOS inhibitor L-NAME. We first measured
O, production in tissue lysates using lucigenin chemitumi-
nescence. Chemiluminescence was increased 2-fold in
eNOS-Tg mice compared with wild-type animals (P<<0.05;
Figure 5A) but was unchanged in GCH-Tg mice. Critically,
O,” production was restored in eNOS/GCH-Tg mice. The
proportion of O, production attributable to uncoupled NOS,
assessed by quantifying L-NAME-inhibitable chemilumines-
cence, was significantly increased in eNOS-Tg lysates com-
pared with wild type, indicating increased NOS uncoupling
(P<0.05; Figure 5B). L-NAME-inhibitable chemilunines-
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Lucigenin Chemiluminescence to Measure 0, Production in
Intact Aortas Incubated for 30 Minutes at 37°C in the Presence
or Absence of L-NAME (1 mmol/L)

Wild Type  eNOS-Tg  GCH-Tg  eNOS/GCH-Tg
Basal, RLU/s/mg 39.5%45 59.7+66% 52.8+58 46.2+4.7
+ L-NAME, RLU/s/mg 42.5+10.1 39.2+4.8tf 54.0x13.2 49.3x11.2

Results are expressed as counts per second per milligram of dry weight of
aorta.

*P<0.05compared with wild type; 1P<0.05 compared with baseline
(without L-NAME).

RLU indicates relative light units.

cence was unchanged in GCH-Tg mice. The presence of the
GTPCH transgene in eNOS/GCH-Tg mice restored the en-
hanced L-NAME-inhibitable chemiluminescence of the
eNOS-Tg group back to wild-type levels. We also investi-
gated O,” production in intact aorta under basal conditions
and after incubation with L-NAME using lucigenin chemilu-
minescence and saw a similar pattern of results. Basal
chemiluminescence was significantly increased in eNOS-Tg
aortas compared with wild type (P<0.05; Table). Impor-
tantly, basal O, production in GCH-Tg and eNOS/GCH-Tg
aortas was similar to wild type. Incubation of aortas with
L-NAME caused a significant reduction in the O, signal in
eNOS-Tg mice (P<<0.05), indicating NOS uncoupling. How-
ever, L-NAME had little effect in wild-type, GCH-Tg, and
eNOS/GCH-Tg aortas, suggesting that NOS coupling is
preserved in these mice. Together, these observations suggest
that in eNOS-Tg mice elevated O,” production is at least
partly attributable to uncoupled NOS, likely resulting from
discordance between eNOS protein and endothelial BH4
because NOS coupling is preserved by increasing endothelial
BH4 in association with elevated eNOS levels in eNOS/
GCH-Tg animals.

To investigate O, production specifically from the aortic
endothelium, we quantified endothelial DHE fluorescence
using oxidative confocal microtopography. Endothelial DHE
fluorescence was increased 2-fold in eNOS-Tg mice com-
pared with wild-type and GCH-Tg mice (Figure 6). Impor-
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Figure 5. Lucigenin (umol/L) chemiluminescence (CL) in cardiac tissue lysates from wild-type (WT), eNOS-Tg, GCH-Tg, and eNOS/
GCH-Tg mice to measure basal O, production (A) and L-NAME (1 mmol/L)}-inhibitable O, ~ production (B) as a marker of NOS uncou-
pling. *P<0.05 compared with WT; n=7 to 10 animals per group. RLU indicates relative light units; a.u., arbitrary units.
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Figure 6. DHE staining, to measure in situ O, production, in
aortic sections. A, Representative aortic sections (X60) showing
red endothelial cells (arrows) from wild-type (WT; a and e),
eNOS-Tg (b and ), GCH-Tg (¢ and g), and eNOS/GCH-Tg (d
and h) mice in the presence (e through h) and absence (a
through d) of L-NAME (1 mmol/L). B, Quantified specific endo-
thelial DHE fluorescence is expressed for sections in the pres-
ence (hatched bars) and absence (gray bars) of L-NAME in arbi-
trary units {a.u.) for each group. *P<0.05 comparing sections in
the presence or absence of L-NAME; n=5 to 7 animals per

group.

- tantly, endothelial fluorescence was restored to wild-type
levels in eNOS/GCH-Tg mice. Fluorescence from the other
layers of the vessel wall was not significantly different
between groups. Incubation with L-NAME had little effect in
wild-type aortas but reversed the elevated DHE signal in
eNOS-Tg endothelium back to wild-type levels, again indi-
cating that the source of O, was likely uncoupled eNOS. In
contrast, L-NAME significantly increased the endothelial
0, signal in GCH-Tg mice, indicating that in these aortas,
eNOS was predomiriantly coupled and producing NO. Criti-
cally, as in wild-type aortas, NOS inhibition with L-NAME
had little effect in eNOS/GCH-Tg¢ mice, indicating restored
eNOS coupling compared with eNOS-Tg animals. In accor-
dance with the data for O, production measured by chemi-
luminescence, these results suggest that increased eNOS
uncoupling in eNOS-Tg aortas increases eNOS-derived O,
but that eNOS coupling is, at least in part, preserved by
increased endothelial BH4 synthesis in eNOS/GCH-Tg mice.

Discussion
In this study, we describe a new double-transgenic mouse
model in which endothelial-targeted overexpression of
GTPCH leads to increased endothelial BH4 levels in mice
with endothelial-targeted eNOS overexpression. We used this
model to investigate the role of BH4 in the regulation of

Stoichiometric Relationship Between eNOS and BH4 869

eNOS coupling in vivo, specifically in the absence of patho-
logical oxidative stress associated with vascular disease
states. The major findings in this study are as follows. First,
eNOS protein levels are markedly elevated in eNOS-Tg and
eNOS/GCH-Tg mice but not in GCH-Tg animals, although
the proportion of eNOS dimer to monomer is depleted only in
eNOS-Tg aortas. Second, endothelial-specific overexpression
of GTPCH is sufficient to increase vascular BH4 levels in
GCH-Tg and in eNOS/GCH-Tg aortas, whereas BH4 levels
are depleted in eNOS-Tg aortas. Third, this increase in BH4
is sufficient to augment vascular eNOS enzymatic activity
even in GCH-Tg mice, which have unchanged eNOS protein
levels. Indeed, eNOS activity is similar between GCH-Tg and
eNOS-Tg mice despite eNOS-Tg mice having 8-fold more
eNOS protein. Importantly, the increase in endothelial BH4
in eNOS/GCH-Tg mice further enhances eNOS activity and
NO bioavailability compared with eNOS-Tg mice. Fourth,
the discordance between endothelial BH4 and eNOS protein
in eNOS-Tg mice results in uncoupled eNOS and increased
NOS-derived O, production in tssue lysates and intact
aorta. However, increased vascular BH4 in eNOS/GCH-Tg
mice is sufficient, at least in part, to restore eNOS coupling,
increase NO production, and reduce eNOS-dependent O,

- production.

These findings provide important insights into the role of
endothelial BH4 synthesis in regulating eNOS activity and
eNOS coupling even in the absence of vascular oxidative
stress. Previous studies have reported that endothelial dys-
function in vascular diseases, such as hypertension,’2 diabe-
tes,>* and atherosclerosis,?¢ is associated with increased O,~
production deriving principally from NADPH oxidases.”*
Landmesser et al'? demonstrated that the increase in NADPH
oxidase—derived O, in deoxycorticosterone acetate—salt hy-
pertensive mice led to enhanced oxidation of BH4, resulting
in eNOS uncoupling, increased eNOS-derived O, produc-
tion, and reduced NO formation, thereby exacerbating oxida-
tive stress. Oral supplementation with BH4, or a reduction in
NADPH oxidase activity (using p47phox—/— mice), re-
versed eNOS uncoupling. However, the mechanistic relation-
ship between eNOS and its cofactor BH4 has not been
investigated in vivo in the absence of pathological oxidative
stress. We now show that a stoichiometric discordance
between eNOS protein and BH4 levels is alone sufficient to
cause eNOS uncoupling, and that eNOS uncoupling in the
absence of vascular disease is sufficient to deplete BH4 levels
by oxidation. Laursen et al** demonstrated that peroxynitrite
may be the principal ROS involved in oxidation of BH4.

NO, constitutively produced by eNOS in the vascular
endothelium, is a potent vasodilator and exerts numerous
vasoprotective antiatherogenic effects. Reduced NO bioactiv-
ity is an early feature of a number of vascular diseases,
inclading atherosclerosis.> Short-term in vivo gene transfer of
eNOS or newronal NOS can improve NO-mediated vascular
relaxation in atherosclerotic arteries.>* However, previous
studies investigating the possible vasoprotective effects of
chronic eNOS overexpression in eNOS-Tg mice have yielded
conflicting results. Kawashima et al*> demonstrated reduced
lesion formation after carotid artery ligation in eNOS-Tg
mice. In contrast, Ozaki et al,’® using the same strain of
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eNOS-Tg mice as used in the present study, found that eNOS
overexpression accelerated rather than reduced atherosclero-
sis in apolipoprotein E knockout mice, at least in part,
because of eNOS uncoupling and O, generation. In the
present study, using a mouse model not exposed to patholog-
ical vascular oxidative stress, we also show that eNOS-
derived O, production is enhanced in eNOS-Tg mice, in
cardiac tissue lysates and intact aorta, indicating increased
eNOS uncoupling in these animals. We performed additional
experiments, using quantitative RT-PCR, to confirm that the
increased O,” in eNOS-Tg animals is not a result of a
concomitant increase i the expression of the NADPH oxi-
dase system, a major source of vascular O, geperation (data
not shown). These findings agree with those from Ohashi et
al?* using nondiseased eNOS-Tg mice. This enhanced vascu-
lar oxidative stress may account for the depleted aortic BH4
levels observed in the eNOS-Tg mice because BH4 is readily
oxidized by ROS to BH2 that is inactive for eNOS cofactor
function. In accordamce with having increased uncoupled
eNOS and depleted BH4 levels, specific NOS enzymatic
activity is markedly attenuated in eNOS-Tg mice (elevated
only 2-fold compared with wild type) relative to eNOS
protein levels (elevated 8-fold compared with wild type).
Indeed, the ratio of eNOS enzymatic activity to eNOS protein
was only 0.6 in eNOS-Tg mice compared with 2.0 in
wild-type animals.

Several previous studies have established that BH4 is a
required cofactor for NOS activity.92836 Recent studies,
including those in atherosclerotic eNOS-Tg mice,*® have
demonstrated that NOS uncoupling can be reversed and NOS
enzymatic activity increased by augmenting BH4 levels.10.12
However, an advantage of the present study is that by
targeting overexpression of GTPCH, the rate-limiting enzyme
in BH4 biosynthesis, to the vascular endothelium, we avoid
the potential confounding antioxidant effects of high-dose
pharmacological BH4 supplementation used in other stud-
ies.1092 Furthermore, we have been able to specifically
evaluate the role of endothelial BH4, as opposed to systemic
BH4, in the regulation of eNOS activity. Importantly, using 2
methods to measwre O,” production in cardjac tissue and
Intact aorta, as well as specifically in aortic endothelium, we
demonstrate that NOS-dependent O, generation, elevated in
eNOS-Tg mice, is normalized in eNOS/GCH-Tg mice. These
data support the hypothesis that discordance between eNOS
protein and endothelial BH4 levels is sufficient to cause
eNOS uncoupling even in the absence of pathological oxida-
tive stress. In support of this conclusion, NOS enzymatic
activity and the ratio of enzymatic activity relative to eNOS
protein levels were increased in eNOS/GCH-Tg compared
with eNOS-Tg mice. Interestingly, GCH-Tg mice also had
increased NOS enzymatic activity compared with wild type,
indicating that even in the absence of either enhanced eNOS
protein or disease, BH4 levels may limit eNOS enzymatic
activity in vivo. These data therefore suggest that eNOS
activity (to generate NO) can be augmented by modestly
increasing BH4 levels, specifically in the endothelium, even
under normal physiological conditions.

Previous data have shown that eNOS dimerization is an
umportant aspect of eNOS activation and NO production.?s

BH4 has been suggested to increase the stability of the eNOS
homodimer such that the ratio of dimer to monomer is
increased.”®?” In eNOS-Tg mice, the discordance between
high levels of eNOS protein and depleted aortic BH4 levels
may account for the relative decrease in homodimeric eNOS
protein that we observed. In support, the increased production
of endothelial BH4 in eNOS/GCH-Tg mice was sufficient to
maintain the ratio of eNOS dimer to monomer. These in vivo
findings corroborate previous in vitro studies suggesting that
an imaportant action of BH4, in addition to its direct contri-
bution to electron transport within the eNOS active site, is to
maintain eNOS in its homodimeric conformation.

We conclude that eNOS uncoupling is an independent and
direct consequence of a stoichiomettic discordance between
enzyme and its cofactor BH4. BH4 is critical for regulating
eNOS activity and its production of NO, as opposed to O,~,
even in the absence of increased oxidative stress associated
with vascular disease states. Thus, strategies to increase
eNOS protein without a concomitant augmentation of endo-
thelial BH4 levels may lead to eNOS uncoupling and para-
doxically exacerbate oxidative stress and the progression of
vascular diseases. Although reduced biosynthesis of BH4
may not be the principal mechanism of BH4 loss in vascular
disease, strategies aimed at increasing BH4 synthesis or
reducing BH4 oxidation may be valid therapeutic approaches
mn vascular disease states.
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Possible Role of Brain-Derived Neurotrophic Factor in the
Pathogenesis of Coronary Artery Disease
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Seinosuke Kawashima, MD, PbD; Mitsubiro Yokoyama, MD, PhD

Background—The neurotrophin (NT) family, including nerve growth factor NT-3 and brain-derived neurotrophic factor
(BDNFE), has a critical role in the survival, growth, maintenance, and death of central and peripheral neurons. NTs and
their receptors are expressed in atherosclerotic lesions; however, their significance in cardiovascular disease remains

unclear.

Methods and Results—To clarify the role of NTs in the pathogenesis of coronary artery disease, NT plasma levels in the
aorta, coropary sinus, and peripheral veins of patients with unstable angina (n=38), stable effort angina (n=45), and
non-—coronary artery disease (n=24) were examined. In addition, regional expression of BDNF in coronary artteries was
examined in autopsy cases and patients with angina pectoris by directional coronary atherectomy. The difference in
BDNF levels, but not NT-3, between the coronary sinus and aorta was significantly greater in the unstable angina group
compared with the stable effort angina and non—coronary artery disease groups. Immunohistochemical investigations
demonstrated BDNF expression in the atheromatous intima and adventitia in atherosclerotic coronary arteries. BDNF
expression was enhanced in macrophages and smooth muscle cells in atherosclerotic coronary arteries. Stimulation with
recombinant BDNF significantly enhanced NAD(P)H oxidase activity and the generation of yeactive oxygen species in

cultured human coronary artery smooth muscle cells.

Conclusions—BDNF has an important role in atherogenesis and plaque instability via the activation of NAD(P)H oxidase.

(Circulation. 2005;112:2114-2120.)
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o January 17, 1995, the great Hanshin-Awaji earthquake
bit Kobe, Japan, killing 6433 people. Thereafter, there
was an increase in mortality from cardiac disease.! Chronic
psychological stress appears to have an important role in
cardiovascular diseases after traumatic events such as a major
earthquake.?> Psychological factors such as depression and
acute and chronic stress are potent risk factors for coronary
artery disease (CAD).2 The precise mechanisms by which
psychological factors cause cardiovascular disease, however,
remain to be determined. Under psychological stress, the
hypothalamus-pituitary-adrenal axis and sympathetic nexve
system are activated, and a wide range of neurohumoral
factors are dynmamically regulated, including neurotrophins
(NTs).
NTs form a family of dimeric polypeptides, which include
nerve growth factor, brajn-derived peurotrophic factor
(BDNF), NT-3, and NT-4/5 in humans.?* NTs have critical

roles in the survival, growth, maintenance, and death of
central and peripheral neurons.*¢ Under psychological stress,
the secretion of NTs from the hypothalarus, pituitary gland,
and central and peripheral perves is markedly altered.” The
biological activities of NTs are mediated via the specific
bigh-affinity receptors trkA, ukB, and trkC and the low-
affinity NT receptor p75.%% NTs and their receptors are
expressed in nonneuronal tissues and various cell types such
as developing heart,’® spleen,* atherosclerotic vessels,*?
macrophages,*? lymphocytes,’* endothelial cells,’s and vas-
cular sinooth muscle cells,*? suggesting that NTs have diverse
roles even in nonneural organs. The significance of NTs in
cardiovascular disease remains to be elucidated.

Acute coropnary syndrome occurs as a consequence of
coropary plaque rupture and superimposed thrombus. Reac-
tive oxygen species derived from NAD(P)H oxidase have a
critical role in the pathogenesis of CAD and plaque instabil-
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